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Neurocognitive consequences of blast-induced traumatic brain injury (bTBI) pose significant concerns for mili
tary service members and veterans with the majority of “invisible injury.” However, the underlying mechanism
of such mild bTBI by low-intensity blast (LIB) exposure for long-term cognitive and mental deficits remains
elusive. Our previous studies have shown that mice exposed to LIB result in nanoscale ultrastructural abnor
malities in the absence of gross or apparent cellular damage in the brain. Here we tested the hypothesis that
glutamatergic hyperexcitability may contribute to long-term learning deficits. Using brain slice electrophysio
logical recordings, we found an increase in averaged frequencies with a burst pattern of miniature excitatory
postsynaptic currents (mEPSCs) in hippocampal CA3 neurons in LIB-exposed mice at 1- and 7-days post injury,
which was blocked by a specific NMDA receptor antagonist AP5. In addition, cognitive function assessed at 3months post LIB exposure by automated home-cage monitoring showed deficits in dynamic patterns of
discrimination learning and cognitive flexibility in LIB-exposed mice. Collected hippocampal tissue was further
processed for quantitative global-proteomic analysis. Advanced data-independent acquisition for quantitative
tandem mass spectrometry analysis identified altered expression of proteins involved in synaptic plasticity and
serine protease inhibitors in LIB-exposed mice. Some were correlated with the ability of discrimination learning
and cognitive flexibility. These findings show that acute glutamatergic hyperexcitability in the hippocampus
induced by LIB may contribute to long-term cognitive dysfunction and protein alterations. Studies using this
military-relevant mouse model of mild bTBI provide valuable insights into developing a potential therapeutic
strategy to ameliorate hyperexcitability-modulated LIB injuries.

1. Introduction
Blast-induced traumatic brain injury (bTBI) remains of great concern
among military personnel and veterans. Approximately three-quarters

of combat casualties relate to blast exposure among soldiers serving in
Iraq and Afghanistan from 2005 to 2009 (Belmont Jr et al., 2012).
Traumatic Brain Injury Center of Excellence (TBICoE), Defense
Department recently reported that 82.3% of 444,328 military-related
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TBI patients from 2000 to 2021 Q2 belong to mild TBI (TBICoE, 2021),
known as signature “invisible injury,” characterizing these conflicts.
Mild TBI caused by low-intensity blast (LIB) exposure during military
occupational training also have been increasingly recognized, though
assessing their neurological consequences remains a continuing chal
lenge (Belding et al., 2021; DePalma and Hoffman, 2018; Simmons et al.,
2020) in that LIB exposure do not result in loss or alterations of
consciousness.
To investigate mild TBI induced by LIB exposure, we established an
open-field LIB injury model simulating in combat and military training
scenarios. The LIB exposure in mice was generated by detonation of
46.6 kPa peak overpressure approximating Army safety threshold level
(Engel et al., 2019). With open-field blast, a nearly instantaneous rise in
over pressure is followed by an exponential decay for both surface and
suspended explosives (Rutter et al., 2021). Multiple focal ultrastructural
abnormalities, alteration of proteomic profiles in the brain, and neuro
behavioral deficits have been found in the acute and subacute phases up
to 1-month post blast injury without apparent pathological features of
cell death and astrogliosis responses (Chen et al., 2018; Konan et al.,
2019; Song et al., 2019; Song et al., 2018a; Song et al., 2018b; Song
et al., 2018c). Compared with blunt impact from sport or automobile
accidents with brain deformations related to lower strain rates and time
frames in milliseconds, blast waves propagating at much higher strain
rates of 102–103/s (Panzer et al., 2012a; Panzer et al., 2012b) and time
frames in microseconds (μsec) or sub-μsec cause distinctly different
types of brain injury (Przekwas et al., 2016; Song et al., 2018a; Stuh
miller et al., 1991). Primary blast waves with high strain rates (Przekwas
et al., 2016) and phonon decay in the brain (Kucherov et al., 2012; Song
et al., 2018a; Song et al., 2018b) likely play essential roles in disturbing
neural circuitry and damaging brain ultra-structures.
Glutamate, an essential excitatory neurotransmitter in the mamma
lian central nervous system (CNS), supports many physiological func
tions. Excessive release of glutamate may cause excitability-induced
maladaptive neuroplasticity and neural injuries (Dorsett et al., 2017;
Guerriero et al., 2015; Mattson, 2008). Moderate to severe TBIs are
known to result in an excitatory-inhibitory imbalance in the neural
circuit in rodents (Guerriero et al., 2015; Witkowski et al., 2019).
Currently, whether LIB exposure results in synaptic dysregulation of
posttraumatic glutamate release remains unexplored.
Cognition can be categorized into several distinct functions based on
brain circuits and neuromodulators involved in this process (Pessoa,
2008). Cognition is achieved through sophisticated cellular and molec
ular mechanisms including synaptic plasticity (McIntosh, 2000), which
plays an important role in learning and memory formation (Kennedy,
2013; Mayford et al., 2012). Cognitive flexibility refers to a learning skill
that allows individuals to switch between different concepts or condi
tions to adjust behavior in novel, changing environments to facilitate the
learning process. Progressive and accumulative clinical neuropsychi
atric abnormalities may emerge in a period of months to years after blast
exposure (Agoston, 2017; DePalma and Hoffman, 2018). The underes
timation of long-term consequences of LIB exposure, particularly
cognitive impairment, suggested a need to extend animal studies using
novel, high-sensitivity quantitative approaches. We therefore evaluated
the effect of open-field LIB exposure on glutamatergic synaptic inputs to
hippocampal CA3 neurons, which are related to behavioral, functional
and structural alterations associated with changes in synaptic plasticity
after TBIs and mild cognitive impairment in early Alzheimer’s disease
(Frautschy and Cole, 2010; Deuker et al., 2014; White et al., 2017;
Witkowski et al., 2019). In addition, distinct cognitive functions on
learning abilities and cognitive flexibility in the chronic phase at 3months post-LIB exposure were assessed using an automated homecage monitoring (HCM) system with minimal human interference and
environmental stress. Moreover, quantitative proteomics and bio
informatic analysis were utilized to illustrate networks of hippocampal
global-proteomes for molecular signaling effects on synaptic activityrelated cognitive deterioration. This study showed that a single LIB

exposure induced hyperexcitation of hippocampal synapses followed by
a long-term proteomic change accompanied by a long-term impairment
of cognitive function. These findings provide a platform to examine
therapeutic strategies to prevent or mitigate long-term cognitive
learning disorders related to acute glutamatergic hyperexcitability.
2. Materials and methods
2.1. Open-field primary blast injury in mice
All animal experiments were performed in a blinded manner and in
accordance with the University of Missouri approved protocols for the
Care and Use of Laboratory Animals and the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines. 74 male C57BL/6J mice
(The Jackson Laboratory, Bar Harbor, ME) aged 2 months old were
housed with a 12-h light/dark cycle in home-cages containing bedding,
with ad libitum access to food and water. Presence of female gonadal
hormones may have profound effects on pathophysiological and
behavioral outcomes following TBI, such as mortality, edema, cell death,
neuroinflammation, sensorimotor function, cognitive function, and
anxiety/depression-like behaviors (Rubin and Lipton, 2019; Wagner
et al., 2004). As the first time accessing long-term effects of open-field
LIB exposure with multi-faceted approaches, only adult male mice
were used in this study. Open-field LIB exposure were conducted at the
Missouri University of Science & Technology as previously reported
(Chen et al., 2018; Konan et al., 2019; Song et al., 2019; Song et al.,
2018a; Song et al., 2018b; Song et al., 2018c). Animals were assigned
randomly into two groups, which were double-blinded to investigators
analyzing experimental outcomes: LIB-exposed mice and sham controls.
Animals were anesthetized using intraperitoneal injection of 10 μL/g
body weight of ketamine/xylazine mixture (12.5 mg/mL ketamine and
0.675 mg/mL xylazine). The elimination half-life of ketamine is
approximately 13 min when administered intraperitoneally (Jaber et al.,
2014; Maxwell et al., 2006). Mice in sham control group underwent the
identical anesthesia procedures only without LIB exposure. Mice were
placed in metal mesh animal holders in prone position on the platforms
at 3-m distance away from detonation of a 350 g C4 explosion gener
ating a magnitude of 46.6 kPa peak overpressure, a maximal impulse of
60 kPa*ms, and in the absence of head or bodily motion, as described
previously (Konan et al., 2019; Rutter et al., 2021; Song et al., 2019;
Song et al., 2018c). Following blast wave exposure, animals were
removed from the platform and returned to their original cages. After
recovery from anesthesia, mice were monitored for at least 15–30 min
and allowed access to food and water ad libitum.
2.2. Brain slice preparation and electrophysiological recordings
Sixteen male C57BL/6J mice were sacrificed at 1-, 7-days and 3months post LIB exposure for the electrophysiological recordings (n =
4 in sham controls, n = 4 in mice at 1-, 7-days and 3-months post LIB
exposure accordingly). Preparation of the brain slices for electrophysi
ological recordings was referred as previously described (Li et al., 2017;
Zhou et al., 2018). Briefly, the mice were decapitated under anesthesia
with 2–3% isoflurane and the brain quickly removed and put into an icecold cutting solution containing (in mM) 2.5 KCl, 1.2 NaH2PO4, 30
NaHCO3, 25 Glucose, 20 HEPES, 93 NMDG, 0.5 CaCl2, 10 MgCl2 and
saturated with 95% O2 and 5% CO2. Coronal slices (400 μm thick)
containing the hippocampus were sectioned using a vibrating micro
tome (VT1200 S; Leica Biosystems Inc. Buffalo Grove, IL, USA). The
brain slices were incubated in the cutting solution at 37 ◦ C for 10 mins
and transferred into an artificial cerebral spinal fluid (aCSF) as for patchclamp recording containing (in mM) 126 NaCl, 3 KCl, 1.5 MgCl2, 2.4
CaCl2, 1.2 NaH2PO4, 10 glucose and 26 NaHCO3 saturated with 95% O2
and 5% CO2 at 37 ◦ C for at least 1 h before recording.
The hippocampal slices were continuously perfused with aCSF
saturated by 95% O2 and 5% CO2 (3.0 mL/min) at 34 ◦ C maintained by
2
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an inline solution heater. The neurons in CA3 area were visualized under
an upright microscope. The mEPSCs were recorded using whole-cell
patch-clamp (Axon 700B amplifier and DigiData 1550B, Molecular De
vice) in the presence of tetrodotoxin (TTX, 1 μM) and GABAA receptor
antagonist bicuculline (20 μM) at a holding potential of − 60 mV. DNQX
(20 μM) was used to block signals from non-NMDA receptors. The
recording glass pipette (4–8 MΩ) was filled with an internal solution
containing (in mM) 135.0 potassium gluconate, 5.0 tetraethylammo
nium, 2.0 MgCl2, 0.5 CaCl2, 5.0 HEPES, 5.0 EGTA, 5.0 Mg-ATP and 0.5
Na-GTP (adjusted to pH 7.2–7.4 with KOH; 290–300 mM). A sodium
channel blocker, lidocaine N-ethyl bromide (10.0 mM), was included in
the pipette solution to block the firing activity of the recorded neuron.
The mEPSCs were recorded with continuing TTX perfusion, when the
mEPSCs were stable approximately 10 min after starting TTX perfusion.
The input resistance was monitored and rather stable during the
recording period. We did not include the recording of the neurons for
data analysis if input resistance was significantly altered (> 15%).
Agents including TTX, bicuculline, and NMDA receptor antagonist AP5
at the final concentration (50 μM) were administered into the aCSF so
lution through a syringe pump (Ma et al., 2018).

tetraethylammonium bicarbonate [TEAB], pH 8.5), protease inhibitor
cocktail was added to each brain tissue specimen. Specimens were ho
mogenized by Glas-Col stringer 099C K43 (Glas-Col LLC, IN) and
centrifuged at 17,000 × g for 20 min at 4 ◦ C. Supernatant was collected
and then precipitated by acetone. Four volumes of cold acetone were
added to the protein samples and incubated at − 20 ◦ C overnight. The
protein pellets were recovered by centrifugation at 16,100 × g for 10
min at 4 ◦ C and washed by 80% acetone twice. The final protein pellets
were suspended in 6 M urea, 2 M thiourea and 100 mM ammonium
bicarbonate. The protein concentration was determined using Pierce
660nm Protein Assay (Thermo Fisher Scientific) according to the man
ufacturer’s protocol. Fifty μg proteins from each sample were reduced by
10 mM dithiothreitol (DTT) at RT for 1 h. and alkylated by 40 mM
iodoacetamide (IAA) at RT for 1 h in the dark. The excess of IAA was
quenched by adding 40 mM DTT and incubated for 30 min. Before
trypsin digestion, Lys-C (mass spectrometry grade, Promega) was added
to each sample at a 1:70 enzyme-to-protein mass-ratio and incubated at
37 ◦ C for 3 h. Then the urea buffer was diluted to less than 1 M urea by
Milli-Q water. Trypsin (Promega) was added at a 1:50 enzyme-toprotein mass-ratio and were incubated at 37 ◦ C overnight. The diges
ted peptides were purified by Pierce C18 Tips according to the manu
facturer’s protocol (Thermo Fisher Scientific).

2.3. Automated assessments of learning ability in a home-cage
environment

2.5. Spectra library generation

Learning ability evaluation in 58 male C57BL/6J mice (n = 24 in
sham controls and n = 34 in LIB-exposed mice) was assessed at 3-months
post LIB exposure with the PhenoTyper® home-cages (Model 3000,
Noldus Information Technology, The Netherlands) and CognitionWall™
system (Noldus Information Technology, The Netherlands) as previously
described (Kovacevic et al., 2018; Logan et al., 2019; Remmelink et al.,
2016a; Remmelink et al., 2016b). All mice were familiar with the homecage environment by being placed in the PhenoTypers for three days
before conducting the CognitionWall assessments. The PhenoTyper
protocols were obtained from Sylics and data were analyzed using
AHCODA (Sylics, Bilthoven, The Netherlands). At 3:00 pm, regular food
chows were removed. At 3:45 pm CognitionWall devices were inserted
into the PhenoTypers at the back-left corner with the dispensers con
taining food pellets (Dustless Precision Pellets®, 20 mg, Rodent GrainBased Diet, Bio-Serv, New Jersey). The CognitionWall has three en
trances (left, middle, and right) placed in front of the food dispenser. Mice
were required to enter the CognitionWall through the left entrance in
order to receive a reward of one food pellet every fifth time of the correct
entry, named as a Fixed Ratio 5 schedule (FR5 schedule) during the
initial discrimination phase. Mice behavior was automatically recorded
through a 24/7, infrared-sensitive video-based observation system
located on the top unit of the PhenoTypers. Mice were continuously
monitored for 48 h of initial discrimination learning. After 48 h of initial
discrimination learning, the CognitionWall protocol switched automat
ically and the correct entrance was changed to the right entrance
following the same FR5 schedule, which requires the animal to extin
guish the previous learning and acquire a new response, as for assessing
the reversal learning ability for cognitive learning flexibility. All the
animal tracking data were acquired through the EthoVision XT software
v14 (Noldus Information Technology, The Netherlands) and sampled at
a rate of 15 fps. Data were uploaded to the web-based AHCODA-DB
(Sylics, Bilthoven, The Netherlands) for meta-analysis (Supplemental
Figs. 2 and 3).

To generate a comprehensive spectra library, twenty μg of purified
peptides from each sample were combined and fractionated using a high
pH reversed-phase peptide fractionation kit according to the manufac
turer’s protocol (Thermo Fisher Scientific). In total 8 fractions were
collected, lyophilized and resuspended in 5% acetonitrile, 0.1% formic
acid. The resuspended peptides were analyzed using Bruker timsTOF Pro
mass spectrometer attached to a nanoElute LC (Bruker) system. The
samples were loaded onto a trap column of 300 μm i.d. x 5 mm with C8
PepMap100 100 Å, 5 μm (Thermo Fisher Scientific). Then the peptides
were separated by an in-house packed analytical column of 75 μm i.d. x
20 cm with BEH C18, 130Å, 1.7 μm (Waters, USA). The peptides were
eluted at a flow rate of 300 nL/min with 90 min LC gradient: initial
condition was 2% B (A: 0.1% formic acid in water, B: 99.9% acetonitrile,
0.1% formic acid), followed by 20 min ramp to 17% B, 17–25% B over
33 min, 25–37% B over 16 min, gradient of 37% B to 80% B over 7 min,
hold at 80% B for 9 min, ramp back to 2% B in 1 min and hold at initial
conditions for 4 min. The timsTOF Pro was operated in the datadependent acquisition (DDA)-parallel accumulation serial fragmenta
tion (PASEF) mode. Duty cycle was locked o 100%. Ion mobility coef
ficient (1/K0) value was set from 0.6 to 1.6 Vs⋅cm− 2. MS data were
collected over m/z range of 100 to 1700. During MS/MS data collection,
each tims cycle contained one MS and ten PASEF MS/MS scan. Exclusion
was active after 0.4 min.
2.6. Data-independent acquisition and bioinformatic analysis
Data-independent acquisition (DIA) data were acquired using a
timsTOF Pro operated in DIA-PASEF mode (Meier et al., 2020). MS data
were collected over an m/z range of 400 to 1200 and an ion mobility
range of 0.57 to 1.47 Vs⋅cm− 2. Duty cycle was locked to 100%. A total of
64 DIA-PASEF windows were used (25 Th isolation windows) (Meier
et al., 2020). The DIA-PASEF data were analyzed according to the
reference of Vadim Demichev et al. (Demichev et al., 2021). Briefly, the
spectral library was generated in FragPipe platform (v.15) with
MSFragger (Kong et al., 2017; Yu et al., 2020) (v.3.2), Philosopher (da
Veiga Leprevost et al., 2020) (v.3.4.13), and EasyPQP (v.0.1.11). Uni
port Mouse (UP00000589) reviewed protein database with common
contaminant proteins (total 17,174 sequences) was used. Data were
searched with the following parameters: trypsin digestion with two
missed cleavage allowed; precursor and fragment mass error 20 ppm;
mass calibration and parameter optimization enabled; isotope error of

2.4. Protein digestion for tandem mass spectrometry (MS/MS) analysis
Ten male C57BL/6J mice (n = 5 in sham controls and n = 5 in LIBexposed mice) were sacrificed at 3-months post LIB exposure, after the
CognitionWall assessments, for the label-free proteomic quantitation by
tandem mass spectrometry (MS/MS) analysis. Cerebral hippocampus
was dissected and processed as described previously (Song et al., 2019).
Briefly, lyse sample buffer (2% sodium dodecyl sulphate [SDS], 0.5 M
3
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Fig. 1. LIB injury enhanced glutamatergic synaptic inputs to hippocampal CA3 neurons.
Representative traces showing mEPSCs recorded from sham controls and LIB-exposed mice at different time points post injury (A). Cumulative probability plots and
average traces of mEPSCs (B) and summary data of the frequency and amplitude of mEPSCs (C) depicting that compared with sham control mice. The frequencies of
mEPSC significant increased at 1- and 7-days post injury and returned to similar levels in sham controls at 3-months post injury. The amplitudes did not change
significantly between two groups (C). *p < 0.05, ***p < 0.001 compared with sham controls.

0/1/2; peptide length 7–50; cysteine carbamidomethylation as a fixed
modification; methionine oxidation and acetylation at protein N-ter
minus as variable modifications; A minimum of 15 fragment peaks and
the top 300 peaks used as initial spectral processing settings. Peptide
Prophet and ProteinProphet were used to filter to 1% protein-level falsediscovery rate (FDR) using the picked FDR strategy. Finally, EasyPQP
was used to generate the spectra library which was filtered to 1% protein
and 1% peptide-level FDR. DIA-NN (v.1.7.15) was used to search the
DIA-PASEF data with the generated spectra library from MSFragger. The
MS1 and MS2 mass accuracy were set to 10 ppm. Match-between-runs
(MBR) was enabled. All other settings were left default. The result was
filtered at 1% precursor FDR, precursor q-value < 1%, global protein qvalue < 1% and intensity of 1000.
Proteins identified in at least three samples per group were included
for further quantitation and bioinformatic analysis. Each protein’s in
tensity was normalized to the total intensity. Protein-protein interaction
analysis was conducted using the STRING database (Szklarczyk et al.,
2019) and visualized in Cytoscape software (v3.8.2) (Shannon et al.,
2003). The graphs were generated in R platform.

with skewed distribution. p < 0.05 was considered statistically signifi
cant. Behavioral analysis was accessed with Prism software (GraphPad
Software, La Jolla, CA). Data are expressed as mean values ± SEM and
were analyzed by unpaired one-tailed Student’s t-test for any two-group
comparisons based on predictions formulated with prior data. Entries to
criterion were analyzed by two-way repeated-measures ANOVA and
Bonferroni multiple comparisons. Survival curves of group differences
were assessed using the Log-rank (Mantel-Cox) test for differences be
tween two Kaplan–Meier survival curves. Pearson correlation analysis
was used to determine the correlations between different analysis in a
one-tailed test. For statistical analysis of proteomic datasets, unpaired
two-tailed Student t-test was performed among sham and blast group.
Proteins with a p-value less than 0.05 and fold change larger than 1.3
and intensity at least 3000 was considered as a significant change.

2.7. Statistical analyses

Hippocampus is vulnerable to blast injury (Engel et al., 2019). Here
we first extended our previous research from identifying LIB-induced
ultrastructural abnormalities to evaluating synaptic function in mouse
hippocampus (Konan et al., 2019). To examine effects of LIB exposure on
synaptic function, we first measured glutamatergic synaptic inputs to
hippocampal CA3 neurons through assessing miniature excitatory
postsynaptic currents (mEPSCs) in brain slice preparations. The fre
quency and amplitude of mEPSCs were analyzed from LIB-exposed mice

3. Results
3.1. Exposure to LIB enhanced glutamatergic synaptic inputs to
hippocampal CA3 neurons

All experiments were performed in a randomized-blinded manner.
Electrophysiological dataset was analyzed using Prism software
(GraphPad Software, La Jolla, CA). Data are presented as mean values ±
SEM. One-way ANOVA or Repeated measures ANOVA followed by the
Dunnett’s and Tukey’s post hoc tests was used for any comparisons of
more than two groups. Kruskal-Wallis test was used to compare data
4
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Fig. 2. Role of NMDA receptors in the effect of LIB exposure on mEPSCs.
Representative traces, cumulative plots, and summary data of averaged frequency and amplitude of mEPSCs showed the effect of bath application of 50 μM AP5 on
mEPSCs recorded from CA3 neurons in brain slices from sham controls (A), 1-day post injury (B), 7-days post injury (C) and 3-months post injury (D). *p < 0.05
compared with baseline values within the group.

and sham controls at different time points at 1-, 7-days and 3-months
post LIB exposure (Fig. 1A). Cumulative probability analysis of
mEPSCs revealed that the distribution patterns of the inter-event inter
val of mEPSCs recorded in CA3 neurons from LIB-exposed mice at 1- and
7-days post injury were shifted to the left compared with that in sham
controls (Fig. 1B). The averaged frequencies of mEPSCs recorded in CA3
neurons from LIB-exposed mice at 1- and 7-days post injury were
significantly higher than those in sham controls. The frequencies of
mEPSCs did not differ between LIB-exposed mice and sham controls at 3months post injury (sham: n = 22 neurons from 4 mice; 1-day post LIB: n
= 16 neurons from 4 mice, p = 0.029; 7-days post LIB: n = 13 neurons
from 4 mice, p = 0.0001; 3-months post LIB: n = 19 neurons from 4 mice,
p = 0.5734, Kruskal-Wallis test, H-value = 29.25 for Fig. 1C). The am
plitudes of mEPSCs did not differ significantly between LIB-exposed
mice and sham controls (Fig. 1C). Application of 20 μM 6,7-dinitroqui
noxaline-2,3-dione (DNQX), a selective non-NMDA receptor antago
nist, abolished mEPSCs recorded in CA3 neurons in both LIB-exposed
mice and sham controls (Supplemental Fig. 1).

To determine the role of N-methyl-D-aspartate receptors (NMDARs)
in the increased frequency of mEPSCs in LIB-exposed mice, bath appli
cation of AP5 (50 μM), a specific NMDAR antagonist, significantly
decreased the frequencies of mEPSCs in CA3 neurons from LIB-exposed
mice at 1- and 7-days post injury. AP5 application did not change the
frequencies of mEPSCs recorded in CA3 neurons from LIB-exposed mice
at 3-months post injury (sham: n = 18 neurons from 4 mice, p = 0.1062,
F(1.755, 29.83) = 2.488; 1-day post LIB: n = 13 neurons from 4 mice, p =
0.0269, F(1.155, 13.86) = 5.795; 7-days post LIB: n = 12 neurons from 4
mice, p = 0.037, F(1.556, 17.11) = 4.378; 3-months post LIB: n = 15 neu
rons from 4 mice, p = 0.1256, F(1.115, 15.61) = 2.587. Repeated measures
ANOVA for Fig. 2). Bath application of AP5 did not alter the amplitudes
of mEPSCs in LIB-exposed mice and sham controls (Fig. 2). These find
ings suggest that NMDARs importantly modulate glutamatergic synaptic
inputs in the hippocampus of LIB-exposed mice.
We also found that LIB induced a burst pattern of glutamatergic
mEPSCs recorded in CA3 neurons from LIB-exposed mice (Fig. 3A). The
numbers of bursts mEPSCs recorded in CA3 neurons from LIB-exposed
5
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Fig. 3. LIB induced a burst pattern in glutamatergic synaptic inputs to hippocampal CA3 neurons.
Raw tracings depicting the effect of AP5 on mEPSCs recorded from sham controls and LIB-exposed mice at different time points post injury (A). Summary data
showing that LIB exposure significantly increased the numbers of burst mEPSCs and the burst duration at 1- and 7-days post injury (B). Summary data showing the
effect of AP5 on the numbers and duration of burst mEPSCs in sham controls and LIB-exposed mice at different time points post injury (C–F). *p < 0.05, compared
with baseline values within each group. **p < 0.01 and ***p < 0.001 compared with values in sham group.

mice at 1- and 7-days post injury were significantly higher than that in
sham controls. The numbers of bursts at 3-months post injury did not
differ significantly between LIB-exposed mice and sham controls (sham:
n = 19 neurons from 4 mice; 1-day post LIB: n = 18 neurons from 4 mice,
p = 0.0051; 7-days post LIB: n = 12 neurons from 4 mice, p = 0.0034; 3months post LIB: n = 16 neurons from 4 mice, p = 0.4966, F(3, 61) =
6.113. One-way ANOVA for Fig. 3B). The duration of burst mEPSCs was
also significantly longer in LIB-exposed mice at 1- and 7-days, but not at
3-months post injury compared to sham controls (1-day post LIB: p =
0.0005; 7-days post LIB: p = 0.0001; 3-months post LIB: p = 0.2374, F(3,
126) = 10.99. One-way ANOVA for Fig. 3B). Bath application of AP5 (50
μM) significantly decreased the burst numbers (1-day post LIB: n = 17
neurons from 4 mice, p = 0.0157, F(1.460, 23.36) = 5.712; 7-days post LIB:
n = 11 neurons from 4 mice, p = 0.0042, F(1.835, 18.35) = 7.798) and
duration (1-day post LIB: p = 0.0302, F(1.267, 20.28) = 4.956; 7-days post
LIB: p = 0.013, F(1.386, 13.86) = 7.023. Repeated measures ANOVA) of
mEPSCs in CA3 neurons from LIB-exposed mice at 1- and 7-days post
injury (Fig. 3D and E). AP5 application did not significantly alter the
burst numbers (sham: n = 18 neurons from 4 mice, p = 0.4976, F(1.828,
31.07) = 0.6879; 3-months post LIB: n = 16 neurons from 4 mice, p =
0.0848, F(1.140, 17.10) = 3.252) and duration (sham: p = 0.3044, F(1.472,
25.03) = 1.202; 3-months post LIB: p = 0.073, F(1.081, 16.22) = 3.606) of
mEPSCs in sham controls and LIB-exposed mice at 3-months post injury
(Fig. 3C and F).

the designated entrance five times obtained one food pellet as a reward.
No rewards were obtained when mice entered the other two entrances.
Initially, frequencies of entering the three entrances were assessed to
establish pre-experimental preferences. No significant preference for the
setting of the CognitionWall entrances was identified during the first 30
entries (Fig. 4C) in both LIB-exposed mice and sham controls. To exclude
the possibility that different performances in the CognitionWall tasks
were caused by differences in overall locomotor activity, the total dis
tance traveled during the 4-day experiment was calculated (Fig. 4D). In
addition, total numbers of entries through any of the entrances (left,
middle, and right) were calculated during the initial discrimination
learning (Fig. 4E) and reversal learning phases (Fig. 4F). These loco
motion and task activities in LIB-exposed mice were not significantly
different from sham controls.
During the initial discrimination learning phase, mice enter through
the left entrance for food pellet reward. Both LIB-exposed mice and sham
controls improved their pellet earnings and fractions of correct entries
on Day 2 (D2) compared with Day 1 (D1). LIB-exposed mice earned
significantly fewer pellets by 13.4% (sham controls, 134.0 ± 7.490, n =
24; LIB-exposed mice, 116.1 ± 6.657, n = 34, p = 0.0408, t = 1.773, df
= 56) and had significantly lower fractions of correct entries by 7.0%
(sham controls, 0.7199 ± 0.01747, n = 24; LIB-exposed mice, 0.6701 ±
0.01605, n = 34, p = 0.0217, t = 2.066, df = 56) than sham controls on
D1 (Fig. 5A and B). A similar trend, but no significant differences, was
found on D2 of the initial discrimination learning phase.
To further assess the learning ability for this task processing, the total
numbers of entries reaching specific accuracies were calculated. In this
experimental procedure, an 80% criterion indicated that 24 entries out
of the last 30 entries were correct as a moving window. Higher numbers
of entries required to reach criteria demonstrate slower learning pro
cessing. In order to include mice that did not reach a certain learning
criterion during the task, survival plots of entries reaching each criterion
were plotted with log rank statistics. Separations of Kaplan–Meier

3.2. Discrimination learning deficits assessed by the HCM in LIB-exposed
mice at 3-months post injury
A 96-h CognitionWall task was carried out in mice at 3-months post
injury to investigate the long-term consequences of cognitive function
by LIB exposure. Experimental timeline and devices are illustrated in
Fig. 4A and B. The CognitionWall has three entrances placed in front of a
food dispenser in the automated PhenoTyper home-cage. Mice entering
6

S. Chen et al.

Neurobiology of Disease 165 (2022) 105634

Fig. 4. Experimental setup and sequence for CognitionWall behavioral testing.
Timeline of experiments (A) and depiction of the PhenoTyper layout (B) with the CognitionWall. Numbers of entries through left, middle and right entrance during the
first 30 entries after protocol starts (C). Total distance moved during the 4-day CognitionWall testing (D). Total number of entries during the initial discrimination
learning phase (E) and reversal learning phase (F) through any of the entrances (left, middle and right).

survival curves between LIB-exposed mice and sham controls could be
identified reaching criteria of 80–90%; statistically significant differ
ences between LIB-exposed mice and sham controls occurred in 83% (p
= 0.0276) and 87% criteria (p = 0.0081) (Fig. 5C to F). The significantly
lower accuracies, fewer food rewards earned and more entries required
to reach certain performance indicate impairment of discrimination
learning ability in LIB-exposed mice.

significantly more perseverative errors than sham controls (p = 0.0235,
F(1, 56) = 5.424). 45.5% more perseverative errors were observed in LIBexposed mice compared to sham controls on D4 of the reversal learning
phase (sham controls, 196.1, n = 24; LIB-exposed mice, 285.4, n = 34,
SE of difference 31.37, p < 0.05), while no significant differences on D3
(Fig. 6C). The numbers of neutral errors were not significantly different
between two groups (p = 0.3045, F(1, 56) = 1.074) (Fig. 6D) on both days
of the reversal learning phase.
Separations of Kaplan–Meier survival curves between LIB-exposed
mice and sham controls could be identified reaching criteria of
80–90%; statistically significant differences between LIB-exposed mice
and sham controls occurred in 87% (p = 0.0477) (Fig. 6E to H). The
significant lower accuracies, more perseverative errors, and more en
tries required to reach certain performance indicate impairment of
cognitive flexibility in the LIB-exposed mice.

3.3. Cognitive flexibility deficits for learning process assessed by the HCM
in LIB-exposed mice at 3-months post injury
After the 2-day initial discrimination learning, an automated reversal
learning test was implemented in the same CognitionWall device
through the pre-programmed setting on Day 3 (D3) and 4 (D4). To assess
cognitive flexibility during the reversal learning phase, mice were
examined on passing through the right entrance to obtain food pellets.
Mice have to extinguish the previous reward paradigm and generate a
new one (Logan et al., 2019). Both LIB-exposed mice and sham controls
improved on reward earnings and fractions of correct entries on D4
compared with D3. While the pellets earned by LIB-exposed mice did not
significantly differ from that of the sham controls on both D3 and D4 of
the reversal learning phase (Fig. 6A), LIB-exposed mice had significantly
lower fractions of correct entries by 9.2% (sham controls, 0.7591 ±
0.01856, n = 24; LIB-exposed mice, 0.6890 ± 0.01552, n = 34, p =
0.0027, t = 2.899, df = 56) than sham controls on D4 but not D3 of the
reversal learning phase (Fig. 6B). The number of entries through the
previously correct entry (left) were measured as perseverative errors; the
number of entries through the non-reward entry (middle) were measured
as neutral errors (Remmelink et al., 2016b). LIB-exposed mice had

3.4. Patterns of learning deficits assessed by the HCM in LIB exposed mice
at 3-months post injury
The frequency of left entries during the 96-h testing was calculated
hourly in order to assess dynamic patterns of learning ability in LIBexposed mice and sham controls. Most of the entries were performed
in dark phase. LIB-exposed mice performed poorly from the 4th to 9th
hour (duration of 6 h, blue dot square in Fig. 7A) during the initial
discrimination learning phase. After the 9th hour, the two groups per
formed comparably. During the reversal learning phase, the left entries
were considered preservative errors. Both groups mainly made left en
tries on D3, indicating slow cognitive set switch. Sham control mice
performed better during the entire dark phase of D4 (from the 75th to
7
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Fig. 5. Discrimination learning performance assessed by the HCM system.
Total numbers of pellets (food rewards) earned during the initial discrimination learning phase (A). Numbers of entries made through correct entrance (left) during
initial learning phase, divided by total numbers of entries, providing a proportion of correct entries (B). *, p < 0.05 by one-tailed, unpaired Student’s t-test. Survival
plot of entries to different criteria during the initial discrimination learning phase (C–F). Kaplan–Meier plot of discrimination learning performance in sham controls
and LIB-exposed mice achieving 80% (C), 83% (D), 87% (E), and 90% (F) criteria. This plot showed the proportions of mice reaching criterion (y-axis) at a given total
number of entries (x-axis). *p < 0.05 and **p < 0.01 by Log-rank (Mantel-Cox) test.

87th hour, duration of 12 h, blue dot square in Fig. 7A) compared with
LIB-exposed mice, indicating mild but prolonged cognitive flexibility
deficits of LIB-exposed mice. With continuous evaluation of the perfor
mance between specific entries, we observed similar patterns such that a
significant difference was identified starting at 100 entries but merged
by 800 entries during the initial discrimination learning phase (p =
0.0282, F(1, 54) = 5.084); the predominant difference was between 350
and 400 entries (p < 0.05) (Fig. 7B). In the meantime, a trend of poorer
performance of LIB-exposed mice was identified from the 500 entries
and persisted after the 1200 entries during the reversal learning phase
(p = 0.1099, F(1, 55) = 2.640 for Fig. 7C).
In a previous study, no correlation between performance in initial
discrimination learning and reversal learning tasks was found in noninjured adult C57BL/6J mice (Remmelink et al., 2016b). Here, we
investigated whether the performance on D1 of the initial discrimination
learning phase was associated with the performance on D4 of the
reversal learning phase (Fig. 8A). Interestingly, no significant correla
tion was found in sham control mice between the performance in the
initial discrimination phase and reversal learning tasks (p = 0.4335,
Fig. 8B), consistent as previously reported in non-injured adult C57BL/

6J mice. In contrast, a weak but statistically significant positive corre
lation was found in LIB-exposed mice (p = 0.0158, r = 0.4110, Fig. 8C),
indicating a possible prediction of the performance in LIB-exposed mice
on different types of learning deficits.
3.5. Quantitative analysis of hippocampal global-proteome profiles using
data-independent acquisition in LIB-exposed mice at 3-months post injury
To investigate molecular processes of glutamate hyperexcitability
affecting long-term cognitive deficits in mice exposed to LIB exposure,
profiles of global-proteomes in mouse hippocampus at 3-months post
injury were analyzed using label-free quantitative mass spectrometry.
As a next-generation proteomic methodology, the DIA strategy was used
to exhibit much higher sensitivity and reproducibility compared with
the conventional DDA approach (Krasny and Huang, 2021). We identi
fied 5354 proteins in the hippocampus of LIB-exposed mice and sham
controls (Fig. 9A). Proteins with a p-value less than 0.05, fold change
larger than 1.3, and intensity over 3000 were considered significant
changes. Among 5354 proteins, 43 proteins were identified with a sig
nificant difference between LIB-exposed mice and sham controls.
8
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Fig. 6. Cognitive flexibility for learning process assessed by the HCM system.
Total numbers of pellets (food rewards) earned during reversal learning phase (A). Numbers of entries through correct entrance (right) during reversal phase, divided
by the total numbers of entries, providing a proportion of correct entries (B). Numbers of perseverative errors (left entry) (C) and neutral errors (middle entry) (D)
during reversal learning phase. *p < 0.05 by one-tailed, unpaired Student’s t-test. Survival plot of entries to different criteria during reversal learning (E-H).
Kaplan–Meier plot of discrimination learning performance in sham controls and LIB-exposed mice achieving 80% (E), 83% (F), 87% (G), and 90% (H) criteria. This
plot showed the proportions of mice reaching criterion (y-axis) at a given total number of entries (x-axis). *p < 0.05 by Log-rank (Mantel-Cox) test.

Among them, 28 proteins showed significantly lower expression; and 15
proteins showed significantly higher expression in the hippocampus of
LIB-exposed mice compared with sham controls (Table 1). Proteins with
a significant difference were further examined on the STRING database
to evaluate the protein-protein interaction networks. A cluster of 6
proteins associated with serine protease inhibitors (SERPINs) showed

high confidence interactions with interaction scores > 0.7, including
alpha-1-antitrypsin 1-2 (Serpina1b), alpha-1-antitrypsin 1-4 (Serpi
na1d), alpha-1-antitrypsin 1-5 (Serpina1e), antithrombin-III (Serpinc1),
vimentin (Vim) and fibronectin (Fn1). All SERPIN-related proteins were
higher expressed in LIB-exposed mice compared with sham controls. In
addition, another protein in the SERPIN family, serine protease inhibitor
9
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Fig. 7. Dynamic patterns of learning deficits assessed by the HCM system.
Frequency of left entries for food pellet rewards during the 96-h experimental period of the CognitionWall task (A). Data acquisition was continuously during both the
light and dark phases. Gray shadow represents the dark phase. The blue dotted lines show the duration of observed differences between sham controls and LIBexposed mice. The average fractions of the correct entrances between specific entry numbers during the initial discrimination learning (B) and reversal learning
phase (C). *p < 0.05 by two-way ANOVA using Bonferroni post-tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

A3K (Serpina3k), was also upregulated in LIB-exposed mice (Fig. 9B).
The fold changes of these SERPIN-related proteins were ranging from
1.36 to 1.86 (Fig. 9C). In further comparing peer-reviewed research
articles (Aber et al., 2003; Caroni et al., 2012; Chédotal, 2007; Fasolino
and Zhou, 2017; Glasgow et al., 2021; Jaworski et al., 2019; Kaltschmidt
and Kaltschmidt, 2015; Lim et al., 2001; Makani et al., 2012; Weber
et al., 2019), 6 proteins involved in synaptic plasticity and cognitive
function were downregulated in LIB-exposed mice, including netrin-G1
(Ntng1), slit homolog 1 protein (Slit1), protein phosphatase 1 regulatory
subunit 3F (Ppp1r3f), GSK3B-interacting protein (Gskip), ankyrin repeat
domain-containing protein 40 (Ankrd40) and methyl-CpG-binding
domain protein 2 (Mbd2) with fold changes ranging from 0.62 to
0.75. Carbonic anhydrase 14 (Ca14) and nuclear factor NF-kappa-B
p105 subunit (Nfkb1) were upregulated with fold changes ranging

from 1.33 to 1.62 (Fig. 9D). This high-sensitivity proteomic analysis
indicates that the impairment of synaptic plasticity is associated with
SERPINs in mice exposed to LIB in the chronic phase.
3.6. Association studies of alteration of proteomic profiles in hippocampus
with learning deficits assessed by the HCM in LIB exposed mice at 3months post injury
A regression approach was used to determine whether these 7
affected proteins associated with SERPINs and whether 8 affected pro
teins involving synaptic plasticity and cognitive function correlated with
the cognitive learning function assessed by the HCM. Pearson’s r-values
≤ − 0.3 or ≥ 0.3 were considered of correlation in this study. Correla
tions of performance on D1 of the initial discrimination learning phase
10
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Fig. 8. Correlation between the performance in the initial discrimination and reversal learning tasks.
Fractions of correct entries on D1 of initial discrimination learning phase vs. on D4 of reversal learning phase were plotted (A) with the regression lines drawn in solid
lines and the dotted curves for 95% confidence intervals in sham controls (B) and LIB-exposed mice (C). *p < 0.05, r = 0.4110.

and DIA protein intensity showed ankyrin repeat domain-containing
protein 40 and GSK3B-interacting protein exhibited positive correla
tions; while carbonic anhydrase 14, nuclear factor NF-kappa-B p105
subunit, antithrombin-III and vimentin exhibited negative correlations
(Fig. 10A). Correlations of performance on D4 of the reversal learning
phase and DIA protein intensity showed methyl-CpG-binding domain
protein 2 exhibited positive correlations; while carbonic anhydrase 14
and vimentin exhibited negative correlations (Fig. 10B). Other proteins
with Pearson’s r-values ranging − 0.3 to 0.3 are summarized in Sup
plemental Figs. 4 and 5.

application of NMDAR antagonist reduced the frequencies and elimi
nated the burst pattern of glutamatergic mEPSCs without changing their
amplitudes. Because presynaptic NMDARs are relatively insensitive to
Mg2+ blockade at resting membrane potentials (Mayer et al., 1984),
these data suggest that presynaptic NMDARs likely play predominant
roles in enhanced glutamatergic synaptic inputs to hippocampal neurons
in response to LIB exposure, while the involvement of postsynaptic
NMDARs cannot be completely ruled out (Kunz et al., 2013; McGuinness
et al., 2010; Prius-Mengual et al., 2019; Savtchouk et al., 2019). Though
the average level of hyperactivity was not significantly different be
tween LIB-exposed mice at 3-months post injury and sham controls, the
frequencies of mEPSCs, numbers and duration of burst mEPSCs varied
between individual neurons. Some neurons showed decreased hyper
active patterns at 3-months post LIB compared to those at 1-day and 7days post LIB. It is possible that these neurons undergo adaptations and
achieve synaptic homeostasis (Kim and Tsien, 2008; Macleod and Zin
smaier, 2006). It is also possible that prolonged excitotoxicity affects
structures, functions and survivals of neuronal cells (Lewerenz and
Maher, 2015). This possibility is supported by our bioinformatic analysis
findings demonstrating that proteins related to synaptic plasticity were
altered in the hippocampal tissues at 3-months post LIB.
The primary blast shockwaves cause micro/nano-scale intracellular
damage of cytoskeleton, ion channel proteins, and cell adhesion mole
cules without apparent neuropathology on cell death and astrogliosis
response (Gao et al., 2011; Hemphill et al., 2015; Monnerie et al., 2010;
Park and Biederer, 2013; Przekwas et al., 2016; Song et al., 2018a; Song
et al., 2018b). Our previous study indicates that exposure to a single

4. Discussion
Our previous studies demonstrated that a single open-field LIB
exposure with a peak overpressure at 46.6 kPa and a maximal impulse of
60 kPa x ms (Rutter et al., 2021) resulted in increased asymmetric
excitatory synapses in mouse hippocampus at 7- and 30-days post injury
using transmission electron microscopy (TEM) quantification (Konan
et al., 2019). These findings encouraged further research on character
izing changes in neural activity and synaptic consequences following LIB
exposure. In this study, we first evaluated neuronal electrophysiology in
individual neurons in hippocampal CA3 region involving synaptic
plasticity, cognitive function and memory processes (Cherubini and
Miles, 2015). We found that a single LIB exposure significantly increased
the frequencies of mEPSCs in mice at both 1- and 7-days post injury
without altering the amplitudes of mEPSCs. Furthermore, mEPSCs
recorded from LIB-exposed mice displayed a burst pattern. Bath
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Fig. 9. Hippocampal global-proteome profiles using data-independent acquisition.
Volcano plot showing the significant protein variation between sham controls and LIB-exposed mice. Statistical analysis was performed by unpaired two-tailed
Student t-test. A statistical significance was considered by p-value < 0.05, fold change > 1.3-fold and at least three samples per group having intensity ≥ 3000.
Red dots indicate proteins having significant increases. Blue dots show proteins having significant decreases. Gray dots indicate proteins not meeting criteria (A).
Protein interaction network of significant proteins between sham controls and LIB-exposed mice. Six proteins show high confidence interactions with interaction
scores > 0.7. The five hexagon nodes represent proteins with conserved SERPIN domain. The colour of the nodes represents the protein intensity ratio between sham
controls and LIB-exposed mice (B). Fold changes of proteins with significant difference related to SERPINs (serine protease inhibitors) (C). Fold changes of proteins
with significant difference related to synaptic plasticity and cognitive function (D). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

blast also significantly alters phosphorylated proteins involved in
maintaining microtubule stability and axonal integrity (Chen et al.,
2018). In addition, LIB exposure upregulates phosphorylated proteins
involved in regulating Ca2+ hemostasis, such as calcium/calmodulindependent protein kinase type II subunit beta (CaMKIIb), plasma
membrane calcium-transporting ATPase 1 (Atp2b1) and synaptotagmin
I (Syt1) (Chen et al., 2018). Upregulation of phosphorylated proteins
may be responsible for presynaptic NMDAR-dependent transmitter
release (Kunz et al., 2013). Neuroinflammation also plays important
roles in hyperexcitability post TBI (Mayeux et al., 2017; Mukherjee
et al., 2020; Webster et al., 2017). Mild TBI in mice from a weight-drop
model leads to pro-inflammatory responses in microglia and increased
excitatory inputs in the acute phase post injury (Witkowski et al., 2019).
Blast exposure was demonstrated contributing to oxidative stress and
inflammatory changes in our previous study and others, mainly in the
acute phase post injury (Elder et al., 2015; Song et al., 2019; Sosa et al.,
2017).
Glutamate release following TBI may lead to multiple short- and
long-term excitatory injuries. In the acute phase, excessive glutamate
triggers ions influx, oxidative stress, and mitochondrial dysfunction,
resulting in neuronal cell death, injury or dysfunction, as well as
impaired neuroplasticity. In the subacute and chronic phases of excit
atory injuries, compensatory changes against glutamate excitotoxicity
will lead to receptor alteration, dysregulated excitatory-inhibitory bal
ance and maladaptive circuits, leading to neurobehavioral deficits
(Dong et al., 2009; Guerriero et al., 2015). It appears that LIB exposure
likely changes the intrinsic properties of NMDARs and/or a synaptic
network involved in presynaptic glutamate release. Glutamate, partic
ularly NMDAR-dependent synaptic hyperexcitability also plays

important roles in the disease progression in Alzheimer’s dementia
(Ghatak et al., 2019; Šišková et al., 2014). Delineating the neurological
outcomes of glutamate hyperexcitability clearly provides a rationale for
developing a strategy to prevent LIB-induced chronic complications.
Hippocampus plays an essential role in the processing of discrimi
nation learning and cognitive flexibility (Frankland et al., 1998; Levcik
et al., 2018; Rubin et al., 2014; Teng et al., 2000), with the involvement
of other brain regions, such as striatum (Fidalgo et al., 2012; Okada
et al., 2014). It was reported that protein distributions and expressions
in hippocampal CA3 neurons were correlated with performance on
discrimination learning (Maurer et al., 2017; Olds et al., 1990).
Although being well established for clinical applications, learning and
memory tests in animal models are limited by unintended bias of ex
perimenters, motivational issues, stress, and circadian shifts during
light-dark cycles among others (Logan et al., 2018). Using conventional
memory assessments, such as the Barnes maze and Morris Water-maze,
nocturnal rodents are commonly tested during the light phase. Stresses
generated during tasks increase serum corticosterone levels which
impact the outcomes of memory tests (Harrison et al., 2009). Due to
these confounding factors, conventional learning and memory tests may
not be sufficiently sensitive to detect mild cognitive deficits induced by
experimental LIB exposure. In this research we used a stress-free,
automated HCM approach to access subtle changes in cognitive
learning functions (Richter, 2020; Voikar and Gaburro, 2020). To
minimize the disrupted pheromone sensing when animals were placed
in a novel environment (Rosenbaum et al., 2009), mice in the present
study were kept in the same home-cage for 72 consecutive hours prior to
CognitionWall tasks. Following acclimation, CognitionWall tasks started
automatically and processed pre-calibrated experimental protocols in
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S. Chen et al.

Neurobiology of Disease 165 (2022) 105634

LIB-exposed mice displayed a decline in discrimination learning as a
long-term cognitive consequence. Importantly, with 96-h consecutive
monitoring, we identified that discrimination learning ability was
impaired in LIB-exposed mice mainly in the early stage of the training.
An additional 6 h were required for LIB-exposed mice to acquire
discrimination learning successfully from the beginning of the task.
Many clinical studies reported that TBI patients took significantly longer
time to detect repeated targets accurately on their tasks than healthy
controls, suggesting that deficits of information processing speed are
associated with TBI (Battistone et al., 2008; Ozen and Fernandes, 2012).
In Iraq and Afghanistan veterans, reduced processing speed is a wellrecognized long-term consequence associated with bTBI history
(Jurick et al., 2021). In this study, we also identified deficits of cognitive
flexibility in the chronic phase post LIB exposure. In contrast to the
impairment of discrimination learning, the deficits of cognitive flexi
bility were mainly identified in the late stage of training to a mild degree
but prolonged duration (12 h). Poorer cognitive flexibility has also been
identified in military service members and veterans (Huang et al., 2020).
Interestingly, using an operant set-shifting test but not in home-cage
environment, Matthew et al. did not identify impairment of cognitive
flexibility in a blast model of high intensity (450 kPa) (Muelbl et al.,
2018). For the first time, we found a significant positive correlation
between deficits of discrimination learning ability and cognitive flexi
bility in LIB-exposed mice, that was absent in sham controls.
To identify potential biosignatures in the chronic phase post LIB
exposure, we analyzed hippocampal tissues collected from the mice after
the CognitionWall tasks with quantitative mass spectrometry analysis in
DIA-PASEF mode with high sensitivity for protein identification. Among
the 43 proteins identified of significant difference between LIB-exposed
mice and sham controls, 8 proteins were demonstrated related to syn
aptic plasticity and cognitive function in published studies. For example,
carbonic anhydrase 14 modulates NMDA receptors by regulating peri
synaptic microenvironment; GSK-3β regulates the interaction between
NMDA-dependent long-term potentiation and long-term depression;
ankyrin repeats are involved in PSD-95/GKAP/Shank axis binding to
NMDA receptors (Jaworski et al., 2019; Lim et al., 2001; Makani et al.,
2012). Serine proteases and SERPINS, such as thrombin, plasmin, neu
roserpin, neuropsin, tissue recombinant plasminogen activator (tPA)
and protease nexin-1 (PN-1) have been demonstrated playing important
roles in synaptic plasticity and memory formation by interacting with
NMDARs (Almonte and Sweatt, 2011; Baranes et al., 1998; Gingrich
et al., 2000; Inoue et al., 1994; Lebeurrier et al., 2005; Luthi et al., 1997;
Maggio et al., 2008; Matsumoto-Miyai et al., 2003; Nicole et al., 2001;
Samson et al., 2008; Yuan et al., 2009). A delicate balance between
serine proteases and SERPINS is required to maintain the appropriate
function of NMDARs. In our study, seven proteins in serine protease
inhibitors (SERPINs) family were identified with strong protein-protein
interactions and significantly increased in LIB-exposed mice compared
with sham controls. Disruptions of the serine proteases and SERPINS
hemostasis may in response to NMDAR-mediating glutamatergic hy
perexcitability in the hippocampus post LIB exposure.
We further explored the associations of these proteomic alterations
with cognitive function impairment in LIB-exposed mice. Down
regulation of ankyrin repeat domain-containing protein 40 and GSK3Binteracting protein; upregulation of nuclear factor NF-kappa-B p105
subunit and antithrombin-III were associated with the deficits of
discrimination learning in LIB-exposed mice. Upregulation of methylCpG-binding domain protein 2 was associated with deficits of reversal
learning in LIB-exposed mice. Upregulation of carbonic anhydrase 14
and vimentin was associated with both types of cognitive deficits. These
findings suggest that LIB-induced glutamatergic hyperexcitability may
dysregulate the homeostasis between serine proteases and serine pro
tease inhibitors, further disrupt neural circuits in the chronic phase of
LIB exposure (Almonte and Sweatt, 2011). Further investigations of the
biological process relationships between these proteins and learning
deficits are warranted. In addition, most biomarkers of acute TBI will

Table 1
Proteins altered significantly between LIB-exposed mice and sham controls.
Genes

Protein description

Blast/Sham

Pval

Fkbpl
Swi5
Tbkbp1
Fam241b
Ntng1
Txndc9

FK506-binding protein-like
DNA repair protein SWI5 homolog
TANK-binding kinase 1-binding protein 1
Protein FAM241B
Netrin-G1
Thioredoxin domain-containing protein 9
Ankyrin repeat domain-containing protein
40
Mitogen-activated protein kinase kinase
kinase 10
Methyl-CpG-binding domain protein 2
E3 ubiquitin-protein ligase ZNF598
GSK3B-interacting protein
Protein angel homolog 2
RING finger protein 11
Probable hydrolase PNKD
Phosphorylase b kinase gamma catalytic
chain
CCR4-NOT transcription complex subunit
3
ER membrane protein complex subunit 7
Aldo-keto reductase family 1 member B7
BAG family molecular chaperone regulator
2
Slit homolog 1 protein
Protein WWC2
Double-stranded RNA-specific adenosine
deaminase
Protein phosphatase 1 regulatory subunit
3F
GRIP and coiled-coil domain-containing
protein 2
GRB10-interacting GYF protein 1
39S ribosomal protein L28, mitochondrial
Ubiquitin carboxyl-terminal hydrolase
CYLD
Zinc phosphodiesterase ELAC protein 2
Echinoderm microtubule-associated
protein-like 1
Nuclear factor NF-kappa-B p105 subunit
Opalin
Alpha-1-antitrypsin 1-4
Fibronectin
Vimentin
Transcription and mRNA export factor
ENY2
Histone H1.2
Histone H1.5
Serine protease inhibitor A3K
Alpha-1-antitrypsin 1-5
Carbonic anhydrase 14
Antithrombin-III
Alpha-1-antitrypsin 1-2
Retinol-binding protein 4

0.35677734
0.36409045
0.43212068
0.59262255
0.61928552
0.64794245

0.00895
0.04263
0.04128
0.01338
0.01845
0.0145

0.64851367

0.04122

0.65467438

0.03564

0.67023265
0.69814627
0.70330662
0.70915043
0.71304388
0.71379093

0.00373
0.03945
0.02033
0.04742
0.04552
0.0093

0.71425415

0.0158

0.73091601

0.02888

0.73369842
0.7409003

0.04791
0.03122

0.74269498

0.02547

0.74459478
0.74673017

0.04269
0.01258

0.74889685

0.00618

0.74992702

0.00811

0.751871

0.03912

0.7537766
0.76530137

0.03911
0.02694

0.76711376

0.00551

0.76941795

0.03405

1.30425179

0.01867

1.32976837
1.34600516
1.35549951
1.38328434
1.41270788

0.04636
0.04979
0.02672
0.04554
0.04964

1.42529792

0.01638

1.43751774
1.45363329
1.52166518
1.60881621
1.62093193
1.80683139
1.86141408
1.98627938

0.03413
0.00334
0.03006
0.04369
0.02228
0.02888
0.00555
0.02734

Ankrd40
Map3k10
Mbd2
Znf598
Gskip
Angel2
Rnf11
Pnkd
Phkg1
Cnot3
Emc7
Akr1b7
Bag2
Slit1
Wwc2
Adar
Ppp1r3f
Gcc2
Gigyf1
Mrpl28
Cyld
Elac2
Eml1
Nfkb1
Opalin
Serpina1d
Fn1
Vim
Eny2
H1-2
H1-5
Serpina3k
Serpina1e
Ca14
Serpinc1
Serpina1b
Rbp4

Post DIA, proteins identification from LIB-exposed mice and sham controls were
compared with unpaired two-tailed Student t-test. Proteins with a p-value less
than 0.05 and fold change larger than 1.3 and intensity at least 3000 was
considered as a significant change.

absence of human intervention. Assessments were performed in familiar
home-cages surroundings with self-paced task progression. Learning
performance was monitored continuously and analyzed dynamically
during 96 consecutive hours (4 days) including alternated dark and light
phases. This prolonged assessment protocol enabled identification of
distinct patterns of learning abilities. In addition, the automation-based
analysis minimized experimental variations generated by individual
experimentalists. Thus, this HCM approach provides enhanced rigorous,
refinement, and reproducibility across studies.
To our knowledge, this is the first study to assess deficits of
discrimination learning and cognitive flexibility in LIB-exposed mice
using the automated home-cage approach. Our data demonstrated that
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Fig. 10. Correlation analysis of significantly altered proteins in hippocampus identified by DIA with behavioral performance, Pearson’s r-values ≤ − 0.3 or ≥ 0.3.
Intensities of protein expression identified by DIA of significant difference vs. behavioral performance were plotted with the regression lines drawn in solid lines and
the dotted curves for 95% confidence intervals. Correlation analysis of protein intensities with fractions of correct entries on Day 1 of initial discrimination learning
phase (A) and on Day 4 of reversal learning phase (B) were presented with Pearson’s r-values and p-values. Correlations with Pearson’s r-values ≤ − 0.3 or ≥ 0.3
were included in this figure.

return to baseline levels within several days following TBI, especially
after mild brain injury (Wang et al., 2018). It might be appropriate to
consider these proteins as potential biomarkers in the diagnosis and
management of bTBI in the chronic phase following LIB exposure.
In summary, the present study demonstrates that open-field LIB
exposure causes a primary brain injury. This injury is associated with the
presence of hyperexcitation of glutamatergic synapses in hippocampus
which are modulated by NMDARs in acute phase. Using a highly sen
sitive automated home-cage task, we were able to detect the impair
ments of discrimination learning and cognitive flexibility in the chronic
phase post LIB exposure with specific patterns. Additionally, we
observed altered expression of proteins that are relevant to disrupted
synaptic plasticity and cognitive dysfunction in the chronic phase post

LIB exposure. Altogether, this study provides valuable information into
the development of potential therapeutic targets on amelioration of
hyperexcitability-modulated LIB injuries. Future studies are warranted
to elucidate the precise pathophysiology pathways involved in LIBinduced glutamate hyperexcitability and enhanced presynaptic
NMDAR activity. To reduce long-term neurocognitive consequences of
blast-induced TBI in military service members and veterans, the present
platform can be used to assess effective prevention and treatment for
LIB-induced brain injuries by inhibiting glutamatergic synaptic inputs in
the acute phase of LIB exposure to prevent or mitigate long-term
cognitive disorders. These could include evaluating behavioral out
comes and changes of protein expressions in response to administration
of NMDAR antagonists.
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